In laser beam micromachining process, the quality of the drilled hole is of great importance.
Introduction
The non-conventional manufacturing processes are well suited for machining advanced hard and difficult-to-machine materials. Laser beam microdrilling is one of the nonconventional machining processes, most widely used for generating holes, complex shapes and geometries in almost wider choice of optical materials and flexibility in handling with the advent of fibre optic beam delivery are also some of the interesting characteristics of the Nd:YAG laser [2] . The quality of microdrilled holes in pulsed Nd:YAG laser depends on many controllable factors (operating parameters) such as pulse frequency, lamp current, pulse width, assist gas type, its pressure, etc. Due to converging-diverging shape of laser beam profile (Fig. 1) , the hole taper always exist during laser drilling process. Also controlling the diameter of hole at both entry and exit is a very difficult task since laser machining is based on the interaction of a laser beam with material involving a large number of parameters to control the process [3] . But, it is desirable to obtain predefined diameter of holes and without any taper. Modelling of the process is required to be able to control these important characteristics. Various researchers have experimentally studied the laser beam drilling process in order to analyse the effect of various process parameters on quality characteristics of drilled hole. The interaction phenomena Nd:YAG laser pulses on M2 tool steel were investigated by Jackson and O'Neill [4] . Biswas et al. [5] investigated the effect of process parameters on circularity and hole taper in pulsed Nd:YAG laser microdrilling on titanium nitride-alumina (TiN-Al 2 O 3 ) ceramic composite. Bandhopadhayay et al. [6] investigated the influence of the process variables on hole diameter and taper angle of drilled holes produced on thick IN718 and Ti-6Al-4V sheets by Nd:YAG laser. Biswas et al. [7] developed a strategy for predicting machining parameter settings for the generation of the maximum hole circularity at and minimum hole taper in Nd:YAG laser microdrilling. Ghoreishi et al. [8] employed a statistical model to analyse and compare hole taper and circularity in laser percussion drilling on stainless steel and mild steel. Yilbas B.S. and Yilbas Z. [9] and Yilbas B.S. [10] used statistical method to investigate the effects of laser drilling parameters on the hole geometry on Nimonic 75 workpiece material. In another study, Yilbas [11] conducted the laser drilling experiments on three materials, stainless steel, nickel and titanium. Kuar et al. [12] experimentally investigated the influence of laser parameters on the heat affected zone (HAZ) and phenomena of tapering in pulsed Nd:YAG laser microdrilling of zirconium oxide (ZrO 2 ). Low et al. [13] performed the characterization of the spatter deposited on the laser drilled [14, 15] . French et al. [16] used two level factors in Nd:YAG laser percussion drilling to find the significant factors on the hole taper and circularity. Bandhopadhayay et al. [17] reported the use of Taguchi design of experiments technique to study the effects of the process parameters on the quality of the drilled holes. The objective of the present research is to experimentally investigate the pulsed Nd:YAG laser microdrilling on alumina-aluminium interpenetrating phase composites (IPC) sheets. Interpenetrating phase composites represent a family of materials whose microstructure is characterized by the continuity and interpenetration of two or more phases. Alumina-aluminium (Al 2 O 3 -Al), an interpenetrating phase composite (IPC) is used in structural application in aircraft and space stations due to their superior qualities such as low density, high compressive strength, specific stiffness, wear resistance, refractoriness, ease of tailoring them to specific need, etc. The properties of the material are listed in Table 1 . A central composite design (CCD) and response surface method (RSM) have been used to analyse the effect of the three laser microdrilling process parameters e.g. lamp current, pulse frequency and assist air pressure. The hole characteristics like hole diameter at entry, at exit, and hole taper are considered and modelled by a statistical approach. Multiobjective optimization analysis has also been carried out using MINITAB.
2.
Experimental details
Laser drilling procedures
Alumina-aluminium (Al 2 O 3 -Al) composite specimen having a mean thickness of 1.14 mm was used as workpiece material. The materials were drilled by Nd:YAG laser emitting at different parameter settings selected as per experimental model. A CNC pulsed Nd:YAG laser machining system, manufactured by M/s Sahajanand Laser Technology, India, was used for the experimental study. The detailed specification of the setup is listed in Table 2 . The system consists of various subsystems such as laser source and beam delivery unit, power supply unit, radio frequency (RF) Q-switch driver unit, cooling unit, compressed air supply unit and a CNC controller for X, Y and Z axis movement (Fig. 2) . Compressed air was used as assist 
Design of experiments
With a properly designed experiment, it should be possible to determine, with a much reduced number of experiments, the effect of changing any one variable with the same accuracy as if only one factor has been varied at a time, and interaction effects between the factors. The discussion on interaction effects between the factors is very crucial and can reveal how the process can be controlled in order to achieve the desirable process outputs. One useful class of such designs, which are economical in the number of experiments required, is the CCD [18] . CCD is one type of RSM, which is a collection of experimental design techniques and regression methods. Multiple linear regression technique was employed to develop the model for the response, i.e. hole taper. A CCD with 20 trials was selected. This is a second order design and can handle linear, quadratic and interaction terms in the process modelling. In the design, the interval of levels for each factor is selected in order to have a rotatable design. Rotatability of a design means that the variation in the response predicted by a model will be constant at a given distance from the centre point of the design at which all factors are set on their middle level. 
Process variables
Based on previous studies, three independent factors were selected as input parameters to investigate the hole taper characteristics. The factors consist of lamp current, pulse frequency and air pressure. The selected ranges for the factors are shown in Table 3 . Hole taper was considered as output or dependent parameters. Thickness of the job samples was measured at different sections by digital vernier calliper having least count of 0.01 mm. After completion of the experiments, microscopic views of the drilled holes for both top (entrance) and bottom (exit) surfaces were taken at 10× magnification with the help of optical measuring microscope (Olympus STM6). After measuring the hole entrance diameter and hole exit diameter, the hole taper has been calculated as follows:
Experimental results and data analysis
Statistical modelling was carried out to develop the mathematical models relating the response (output) to the three independent variables. The response was established based on the response surface method and multiple regression analysis. The significant parameters were found by analysis of variance (ANOVA). Modelling was started with a second order model because this includes both the interaction and the quadratic terms of independent variables. By this means, any non-linearity or curvature in the response would be considered. General second-order polynomial response surface mathematical model, which is considered to analyse the parametric influences on the response criteria as follows [18] :
here, y u is the corresponding response, e.g. hole taper of the laser percussion drilling process, x iu is the coded values of the ith machining parameters for uth experiment, k is the number of machining parameters, ˇi, ˇi i , ˇi j are the second-order regression coefficients, The residual e u is a measure of experimental error of the uth observation. The empirical model that has been developed using the result shown in Table 4 for the responses is as follows:
where x 1 , x 2 and x 3 indicate coded values of the process parameters e.g. lamp current, pulse frequency and air pressure respectively.
The P values of the different process parameters, square effect of parameters and interaction between parameters are shown in Table 5 . It has been observed that lamp current, pulse frequency, square effect of lamp current (i.e. (Lamp Current) 2 ) and interaction effect between lamp current and air pressure (i.e. Lamp Current × Air Pressure), between pulse frequency and air pressure (i.e. Pulse Frequency × Air Pressure) are significantly influencing the hole diameter at entry, whereas linear effect of lamp current, pulse frequency, square effect of lamp current (i.e. (Lamp Current) 2 ), pulse frequency (i.e. (Pulse Frequency) 2 ), air pressure (i.e. (Air Pressure) 2 ) and interaction between lamp current and pulse frequency (i.e. Lamp Current × Pulse Frequency) are significantly influencing for controlling the hole diameter at exit as the P value of each of them is less than 0.05. In case of hole taper, lamp current, pulse frequency, square effect of pulse frequency (i.e. (Pulse Frequency) 2 ) and all three interaction effects (i.e. Lamp Current × Pulse Frequency, Lamp Current × Air Pressure and Air Pressure × Pulse Frequency) are significant parameters. Table 6 shows the S, R-Sq and R-Sq (adj) values of the regression analysis for hole diameter at entry, at exit and hole taper. It has been observed that S values of responses are smaller and R-Sq and R-Sq (adj) values of responses are moderately high, from which it can be concluded that the data for each response are well fitted in the developed models.
Analysis of variance (ANOVA) and subsequently F-ratio test and P value test have been carried out to test the adequacy of the developed mathematical models for all three responses of the microdrilled hole generated by pulsed Nd:YAG laser on alumina-aluminium composite. Table 7 shows the results of analysis of variance for responses. P value of the source of regression model and linear effects are much lower than 0.05 for these three responses. The developed second-order regression model for these responses is significant and the linear, square as well as interaction of parameters are also significant. 
Discussion

Analysis of parametric influences on hole diameter at entry
The combined effect of lamp current and pulse frequency on hole diameter at entry is shown in Fig. 3 . Air pressure was taken as constant at 1.5 kg/cm 2 . It was observed that hole diameter on top surface always increases with increase in lamp current at all levels of pulse frequency following a straight line. This is due to the reason that high lamp current generates high thermal energy, due to which large amount of material gets melted and vaporized instantly from the top surface of work specimen and results in higher diameter at entry. From the response plot it has also been observed that diameter of hole first increases a little bit and then decreases following a parabolic curve with a very little variation by varying pulse frequency at lower level of lamp current. Initially when pulse frequency increases, pulse off (time between two successive incidents of laser beam) time becomes shorter; as a result the number of overlapping laser pulses impinging on the top surface becomes higher. Due to which material from the top surface melted and vaporized with less agitation and disorder and higher diameter was generated. After a certain limit when pulse frequency increases the pulse off time becomes very short and the beam energy generated becomes very lower, which results in low amount of melting and generated lower diameter. But, at higher lamp current, diameter at entry decreases with increase in pulse frequency.
The effect of lamp current and air pressure on hole diameter at entry is shown in Fig. 4 . Pulse frequency was taken as constant at 1.5 kHz. The surface plot shows that at low lamp current, the diameter increases with increase in air pressure. This is due to the fact that the lower lamp current generates low thermal energy, melts metal and material removal increases with increase in air pressure. Higher lamp current generates higher thermal energy; as a result large volume of material is melted from the top surface of the job, which forms higher hole diameter. However, at higher level of assist air pressure the heat dissipation rate increases and also helps to solidify molten material in the drilling zone. As a result, diameter at entry decreases with increase in air pressure at higher lamp current. Fig. 5 shows the individual optimization results for obtaining predefined hole diameter on the developed mathematical model i.e. Eq. (2). In order to obtain the desired response, equal importance has been given on the lower, target and the upper bound of the linear desirability function and a target for diameter of hole at entry is set at 100 m. For linear desirability function (d), the value of the weight is considered as 1. MINITAB Software has been used to obtain optimum responses in laser microdrilling on alumina-aluminium composite. The optimum hole diameter at entry (100 m) has been obtained at lamp current of 21.6445 A, pulse frequency of 0.6591 kHz and assisted air pressure of 2.3409 kg/cm 2 .
4.2.
Analysis of parametric influences on hole diameter at exit 1.5 kg/cm 2 . The surface plot reflects that lamp current has an almost linear relationship with the hole diameter at exit at higher level of pulse frequency. Also, hole diameter increases with increase in lamp current at lower pulse frequency following a non-linear curve. The hole diameter increases with the increase in lamp current because of the fact that when lamp current increases, the energy of laser beam also increases, which in turn increases the material removal from the entire cross section of the job. Due to which diameter improves at exit. It is also observed from the surface plot that air pressure has less effect on circularity at exit at all levels of lamp current. However, diameter at exit first increases with increase in pulse frequency then decreases with further increase in pulse frequency.
The combined effect of lamp current and air pressure on hole diameter at exit is shown in Fig. 7 . Pulse frequency was taken as constant at 1.5 kHz. From the response plot it has been observed that diameter increases with increase in air pressure at lower lamp current level. It can also be noted from the surface plot that diameter initially decreases a little bit and then increases with increase in air pressure at all levels of lamp current. At higher level of assist air pressure the heat dissipation rate increases and also helps to solidify molten material in the drilling zone, as a result diameter at exit decreases with increase in air pressure up to a certain limit. Air pressure when increased again, the material removal rate increases from the entire thickness of material results in slightly higher diameter at exit. Fig. 8 shows the individual optimization results for obtaining a predefined target hole diameter at exit of 40 m based on the developed mathematical model i.e. Eq. (3). In order to optimize the response, equal importance has been given on the lower, target and the upper bound of the linear desirability function. For linear desirability function (d), the value of the weight is considered as 1. Using MINITAB Software the laser microdrilling on alumina-aluminium composite, optimum hole diameter at entry (40 m) has been obtained at lamp current of 22.0 A, pulse frequency of 2.1720 kHz and assisted air pressure of 2.3409 kg/cm 2 .
4.3.
Analysis of parametric influences on hole taper Fig. 9 exhibits the effects of lamp current and pulse frequency on hole taper keeping air pressure constant at 1.5 kg/cm 2 . It is observed that the hole taper decreases with increase in pulse frequency at lower level of lamp current and hole taper increases with increase in pulse frequency at higher level of lamp current. It can also be noted from surface plot that the hole taper increases with increase in lamp current significantly at all levels of pulse frequency. At high lamp current heat generation is high, as a result top surface of workpiece where laser beam is focused, gets melted and vaporized instantly and a large amount of material is removed from the top surface during formation of hole, which results in large entrance hole diameter and large hole taper. However, lower lamp current generates small taper. At low lamp current, when pulse frequency increases the pulse off time decreases and as a result excessive number of pulses breaks through the material, increases the hole diameter at exit, produces lower hole taper. At high lamp current, with increase in pulse frequency, time between two successive incidents of laser beam is shorter, therefore high energy laser beam removes large amount of material from the top surface rapidly and generates large hole taper.
From the surface plot of hole taper (Fig. 10) , the effects of lamp current and air pressure at constant pulse frequency of 1.5 kHz can be studied. Here it is seen that taper increases with increase in lamp current. High lamp current generates high thermal energy, which melts and vaporizes large amount of material from the top surface of the job. Again, at lower value of lamp current, taper increases with increase in assist air pressure. This is due to the fact that increase in air pressure increases the removal of molten material from the top surface rapidly at higher lamp current and thus a larger hole taper is generated. But, at higher lamp current, taper decreases with increase in air pressure. Because, increase in assist air pressure helps to remove extra heat, due to which material gets solidified at the entrance of the hole at higher lamp current, which causes less material removal from the top surface; as a result hole taper decreases. Fig. 11 shows the optimization results for the minimum hole taper based on the developed mathematical model i.e. Eq. (4). In order to minimize the response, equal importance has been given on the lower, target and the upper bound of linear desirability function. For linear desirability function (d), the value of the weight is considered as 1. Minimum taper has been obtained as 0.0084 rad when lamp current, pulse frequency, assisted air pressure and thickness are set at optimal parametric setting i.e. 20.318 A, 0.659 kHz and 0.659 kg/cm 2 respectively after optimization. 
Multi-objective optimization analysis
Multi-objective optimization analysis for microdrilling operation of alumina-aluminium composite has been carried out and optimization results of hole diameter at entry, at exit and hole taper are shown in Fig. 12 . Here these three responses have been optimized together in one setting. In multi-objective optimization, the aim is set to minimize hole diameter at entry and to maximize the hole diameter at exit. This is due to the fact that the minimum diameter of hole at entry observed from the experimental results is found greater than the maximum value of hole diameter at exit. Each row of the graph corresponds to a response variable and each column corresponds to one of the parameters considered during microdrilling operation of alumina-aluminium composite.
Each cell of the graph shows how one of the response variables changes as a function of one of the parameters, keeping other parameters constant. 
Final verification experiments
To further verify the proposed mathematical model, another set of experiments have been carried out according to the parameter settings obtained from the optimization result for target hole diameter at entry, target hole diameter at exit, minimum hole taper and all three responses together (i.e. minimum hole diameter at entry, maximum hole diameter at exit and minimum hole taper). These experimental results have been compared with the predicted optimum results. The experimental results and the predicted optimum results along with the prediction error have been shown in Table 8 . It was observed that predicted value is quite close to the experimental result. Microscopic views of the microdrilled holes conducted as per the optimal parameter settings obtained through multi-objective optimization analysis for all three responses together are shown in Fig. 13 . The hole diameter at entry and hole diameter at exit obtained by conducting experiments according to the optimal parameter settings are depicted in Fig. 13 (a) and (b) respectively, and also the taper is calculated based on measured diameters.
Conclusions
Pulsed Nd:YAG laser microdrilling of alumina-aluminium composite has been carried out, and effects of different process parameters on response variables have been explained in detail. Single-objective as well as multi-objective optimization analysis hole characteristics such as hole diameter at entry, at exit and hole taper has also been done. It can be concluded that, the various process parameters i.e. lamp current, pulse frequency, air pressure and thickness can be optimally controlled for achieving desired responses by using the developed mathematical model based on RSM during pulsed Nd:YAG laser microdrilling operation on alumina-aluminium IPC sheet of 1.14 mm thickness. The analysis of variance (ANOVA) test has also been done to identify the process parameters that contributed the most to get desired hole quality. 
